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Ahs  t  rac  t 

A  study  was  conducted  to  i^ouipare  the  efficiency 
of  two  helicopter  transmission  planetary  reduction 
stages.  Experimental  measurements  and  analytical 
predictions  were  made.  The  analysis  predicted  and 
experiments  verified  that  one  planetary  stage  was  a 
more  efficient  design  due  to  the  type  of  planet 
bearing  used  in  the  stage.  The  effects  of  torque, 
speed,  lubricant  type,  and  lubricant  temperature  on 
planetary  efficiency  are  discussed. 

1  n  t  roduc  t  [an 

One  important  factor  considered  in  the  design 
of  a  power  transmission  is  its  mechanical  effi¬ 
ciency.  Helicopter  transmissions  are  extremely 
efficient,  typically  above  95  percent  for  the  com¬ 
plete  main  rotor  transmission  From  the  viewpoint 
of  providing  power  to  the  helicopter  rotor,  the  ben¬ 
efit  from  slightly  improving  the  efficiency  of  an 
already  efficient  transmission  may  seem  trivial, 
but  there  are  other  benefits.  Mechanical  losses 
must  be  dissipated  as  heat,  and  an  improvement  in 
efficiency  will  allow  the  use  of  smaller,  lighter 
weight  cooling  systems.  In  this  v  improving  the 
efficiency  increases  payload  or  -raft  range. 

The  power  loss  of  gears,  bearings,  and  trans¬ 
missions  have  been  studied  by  many  investigators.^"' 
Analytical  methods  have  been  developed'*"^  to  study 
the  influence  of  gear  design  parameters  on  effi¬ 
ciency  and  to  provide  a  tool  for  transmission 
design.  The  objectives  of  the  work  presented  here 
were  to  provide  experimental  evidence  of  the  vali¬ 
dity  of  the  analytical  method,  to  study  the  effects 
of  operating  conditions  on  efficiency,  and  to  com¬ 
pare  the  efficiency  of  two  planetary  stage  designs. 

Experimental  Method 

Test  Rig.  Instrumentation,  and  Data  Acquisition 
System 

The  two  planetary  stages  studied  were  taken 
from  two  versions  of  the  L.S,  Army  s  OH-58  helicop¬ 
ter  main  rotor  transmission.  This  transmission  has 
a  reduction  ratio  of  17.44  overall,  with  the  plan¬ 
etary  stage  contributing  a  ratio  of  4.67.  The  two 
planetary  stages  are  described  in  Table  1,  The 
differences  between  the  two  stages  are  that  one  has 
three  planets  and  uses  double  row  spherical  planet 
bearings  while  the  other  has  four  planets  and  uses 
cylindrical  planet  bearings  (Fig.  1).  The  planet 
gears  of  the  three-planet  stage  are  mounted  on  a 
post  cantilevered  from  the  carrier.  The  planet 
gears  of  the  four-planet  stage,  however,  are  mounted 
on  posts  that  are  supported  on  both  ends  by  the  car¬ 
rier  and  a  retainer  plate.  This  arrangement  is 
used  on  the  four-planet  stage  to  minimize  the  misal¬ 
ignment  of  the  planet  gears  and  cylindrical 
bearings . 


The  planetary  stages  were  tested  in  a  rig 
(Fig.  2)  that  used  a  regenerat ive- torque ,  back-to- 
back  configuration  where  a  test  and  a  slave  section 
were  loaded  against  each  other  by  applying  hydraulic 
pressure  to  a  rotating  torque  actuator.  The 
rotating  torque  actuator  twisted  the  slave  section 
sun  gear  relative  to  the  high  speed  shaft  to  produce 
the  loop  torque.  The  drive  motor  rotated  the  high 
speed  shaft  and  supplied  power  to  overcome  rig 
and  test  hardware  losses.  The  entire  rig  and  its 
lubrication  system  were  insulated  during  testing 
so  that  test  temperatures  could  be  reached  in  a 
reasonable  amount  of  time.  Figure  2  shows  the 
rig  with  the  three-planet  stage  in  the  test  sec¬ 
tion  and  the  four-planet  stage  in  the  slave  sec¬ 
tion  for  purposes  of  illustration  only.  During 
testing,  identical  stages  were  used  in  both  the 
test  and  slave  sections. 

Each  planetary  stage  was  lubricated  by  sepa¬ 
rate.  identical  systems.  Each  system  included  a 
number  of  manifolds  through  which  flow  was  dis¬ 
persed  to  individual  areas.  Each  lubrication  sys¬ 
tem  was  instrumented  with  turbine  flowmeters, 
thermocouples,  and  pressure  transducers. 

The  input  torque  to  the  rig  was  measured  by 
a  commercially  available  transformer  coupled  tor- 
quemeter.  The  torque  carried  by  the  low  speed 
shaft  and  by  the  high  speed  shaft  were  measured 
with  strain  gages  on  the  shafts  arranged  in  a  full 
Wheatstone  bridge.  The  Wheatstone  bridge  condi¬ 
tioning  circuits  rotated  with  the  shafts,  and  the 
output  from  the  circuits  was  transmitted  across 
sliprings.  The  output  signals  from  the  torque 
measuring  instruments  was  low-pass  filtered  to 
remove  frequencies  above  0.2  Hz. 

Data  were  collected  and  stored  by  a  remote 
mainframe  computer  to  provide  a  chronological 
history  of  the  test.  This  enabled  post-test 
processing  of  key  data.  All  data  channels  were 
updated  every  2  sec  while  tests  were  being  run. 

A  more  detailed  description  of  the  test  rig. 
instrumentation,  and  calibration  method  is  con¬ 
tained  in  Ref .  3 . 

Test  Procedure  and  Data  Reduction 

A  total  of  254  tests  were  conducted.  The 
variables  altered  during  the  test  program  were 
rotational  speed,  load,  lubricant  flow  rate, 
lubricant  inlet  temperature,  lubricant  pressure, 
and  lubricant  type.  The  maximum  test  conditions 
for  sun-gear  speed  and  sun-gear  torque  for  the 
four-planet  planetary  stage  were  1622  rpm  and 
1840  .Nm  (16  300  in.-lbf),  respectively.  The  maxi¬ 
mum  test  conditions  foi  the  three-planet  plan¬ 
etary  stage  were  1620  rpm  and  1405  Nm 
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(12  450  in.-ibf).  Therefore,  at  the  maximum  test 
condition  for  both  stages,  each  planet  carries 
approximately  465  Nm  (4120  in.-lbf)  torque  load. 

For  each  test  the  first  variable  to  be  stabi¬ 
lized  was  the  lubricant  inlet  temperature.  Once 
the  required  lubricant  inlet  temperature  was 
reached,  the  lubricant  flow  rate,  the  shaft  rota- 
t4onal  speed,  and  the  load  were  set.  The  rig  was 
then  run  at  these  conditions  for  at  least  10  min 
in  order  to  reach  steady  state  before  any  data 
were  taken.  Bearing  temperatures  and  torques 
were  stable  typically  after  5  min.  For  each  test 
at  least  five  sets  of  data  were  taken.  Each  set 
of  data  consisted  of  five  consecutive 
2  sec  scans  averaged  to  produce  one  set.  Thus, 
at  least  25  scans  were  averaged  for  each  test. 
Inspection  of  the  data  after  the  testing  showed 
no  significant  changes  in  the  raw  data  between 
the  five  sets  of  data  taken  at  the  same  condi¬ 
tion.  The  entire  cycle  was  repeated  for  each 
test  condi t ion . 

To  measure  the  losses  based  on  a  given  set 
of  conditions,  the  torque  required  to  dr.vc  the 
complete  system  was  monitored.  The  torque  to 
rotate  the  test  planetary  section,  because  of  its 
losses,  was  assumed  to  be  half  of  the  torque 
remaining  after  the  rig  tare  losses  were  sub¬ 
tracted  from  the  total  drive  motor  torque,  .\n 
equal  split  of  the  losses  was  assumed  because, 
except  for  direction  of  rotation,  the  test  and 
slave  planetary  sections  were  identical  in  their 
gear  and  bearing  configuration,  lubrication  flow 
rate,  lubricant  type,  and  lubricant  inlet  tempera¬ 
ture  for  all  tests  conducted. 

Operating  efficiency  n  was  computed  from 
the  following  equation: 

r^in  '  ■  '’tare)]  x  lOQ 

"  “  p; 


where  is  the  total  input  power  to  the  test 

planetary  section.  This  equals  the  loop  power  on 
the  high-speed  shaft  plus  the  drive  motor  power 
minus  the  input  stub  shaft  losses.  The  net  loss 
of  the  test  and  slave  planetary  sections  equals 
the  drive  motor  power  minus  the  facility  tare 
losses  (PpM  -  Ptare)- 

.4n  uncertainty  analysis^  was  performed  on 
this  equation.  The  accuracy  of  the  result  is  a 
function  of  the  test  conditions  and  the  uncertain¬ 
ties  in  the  measured  quantities.  For  this  equa¬ 
tion  the  worst  situation  is  when  the  test  rig 
torque  is  low  (10  percent  of  full  torque)  and  the 
inaccuracy  of  the  measuring  instruments  is  high. 
Two  example  cases  (Table  2)  show  that  the  assumed 
accuracy  along  with  the  test  conditions  can  affect 
the  uncertainty  in  the  measured  efficiency. 

The  facility  tare  losses  are  those  due  to 
components  of  the  test  rig  (Fig.  2)  other  than 
the  gear  meshes  and  planet  bearings.  These  facil¬ 
ity  tare  losses  were  determined  experimentally  by 
a  set  of  special  tests  where  the  support  shafting 
and  components  were  rotated  without  the  gears 
meshing.  The  facility  was  operated  in  this  man¬ 
ner  over  the  range  of  operating  speeds  and  temper¬ 
atures  that  were  used  during  the  testing  reported 


here,  and  the  facility  tare  loss  was  measured. 
Details  of  the  special  test  procedure  and  test 
results  are  reported  in  Ref.  3. 


.Tnalytical  Method 

To  model  the  efficiency  of  a  planetary  gear 
train,  many  sources  of  power  loss  must  be  consid¬ 
ered.  The  losses  from  meshing  gears  include  slid¬ 
ing  and  rolling  friction  losses,  windage,  and 
lubricant  displacement  losses.”*  The  planet  bear¬ 
ings  losses  also  contribute  to  the  total  planetary 
system  loss.  The  sum  of  these  loss  components 
was  used  to  predict  the  planetary  stage 
ef  f  ici ency . 

Tne  computer  program  SPHERBE.TV*^  •  *■*  was  used 
to  calculate  losses  from  the  spherical  bearings, 
while  the  program  PL.A.NETSYS  *  -  was  used  to  calcula¬ 
ted  losses  from  the  cylindrical  planet  bearings. 
Two  other  computer  programs.  EXTER.V  and  INTER.'*,’* 
were  used  to  predict  gear  mesh  sliding,  rolling 
and  windage  losses  for  external  and  internal  gear 
meshes,  respectively.  These  two  programs  are 
based  on  the  methods  of  Refs.  5  tr>  7.  The  calcu¬ 
lations  within  these  gear  mesh  programs  for  power 
loss  due  to  sliding  include  a  model  for  the  coef¬ 
ficient  of  friction  based  on  the  data  of  Ref.  8. 
The  power  loss  due  to  oil,  trapped  by  gear  teeth, 
being  displaced  from  the  gear  mesh  was  calculated 
using  a  model  that  accounts  for  the  power  to 
accelerate  the  oil  and  displace  it  from  the 
mesh.  The  analytical  methods  are  described  in 
more  detail  in  Refs.  3  and  4. 

The  gear  geometry  data  used  in  the  analysis 
are  shown  in  Table  1.  and  the  lubricant  proper¬ 
ties  used  are  shown  in  Table  3. 

Results  and  Discussion 

The  previously  described  procedure  was  used 
to  calculate  the  efficiency  for  each  of  the  254 
test  conditions.  Complete  tables  of  the  experi¬ 
mental  results  are  given  in  Refs.  3  and  4.  Typi¬ 
cal  results  are  presented  and  discussed  in  this 
paper . 

The  two  lubricants  used  in  the  parametric 
tests  were  the  oils  E  and  K  from  Ref.  1  (see 
Table  3).  Lubricant  E  is  a  formulated  gear  lubri¬ 
cant  (dibasic  acid  ester),  and  lubricant  K  is  a 
turbine  engine  oil  (mixture  of  99  percent  PE 
(pentaerythri tol  ester)  and  1  percent  DPE  (dipen- 
taerythritol  ester).  The  highest  efficiency 
(99.83  percent)  was  measured  while  testing  the 
three-planet  stage  with  lubricant  K  and  operating 
at  the  highest  speed,  lowest  load,  and  lowest 
lubricant  inlet  temperature  tested.  The  lowest 
efficiency  (98.64  percent)  was  measured  also 
while  testing  the  three-planet  stage  but  with 
lubricant  E  and  operating  at  the  lowest  speed, 
highest  load,  and  highest  lubricant  inlet  tempera¬ 
ture  tested.  For  the  three-planet  stage,  the 
efficiencies  measured  while  testing  at  full  power 
ranged  from  99.25  to  99.41  percent  depending  on 
the  lubrication  parameters.  For  the  four-planet 
stage,  the  efficiencies  measured  while  testing  at 
full  power  ranged  from  99.44  to  99.60  percent 
depending  on  the  lubrication  parameters. 
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All  of  the  parameters  vaiied  during  the 
tests  affected  the  planetary  stage  efficiency. 

Some  parameters  had  a  much  greater  effect  than 
others.  Following  is  a  discussion  of  typical 
results  presented  in  Figs.  3  to  7. 

The  effect  of  speed  on  planetary  stage  effi¬ 
ciency  IS  presented  in  Fig.  3.  The  planetary 
s>age  efficiency  is  plotted  as  a  function  of 
torque  for  different  speeds.  For  nearly  all  con¬ 
ditions  tested,  the  efficiency  increased  with 
increasing  speed.  (Trends  at  very  low  power  lev¬ 
els  sometimes  deviated  from  typical  results.) 

The  effect  of  lubricant  inlet  temperature  on 
efficiency  is  presented  in  Fig.  4.  The  data 
shown  is  for  testing  with  lubricant  E.  Results 
from  the  four-planet  stage  testing  show  efficiency 
increasing  with  increasing  temperature.  This  is 
an  expected  result  since  the  lubricant  viscosity 
decreases  with  increasing  temperature.  However, 
the  results  trora  the  three-planet  stage  testing 
show  the  efficiency  at  09  °C  (210  '’F|  lubricant 
inlet  was  less  than  at  82  °C  (180  °F).  The  data 
of  Ref.  1  showed  that  the  efficiency  of  a  com¬ 
plete  helicopter  transmission  operating  with 
lubricant  E  decreased  with  increasing  tempera¬ 
ture.  The  most  efficient  operating  temperature 
of  a  planetary  stage  depends  on  the  type  of  lubri¬ 
cant  used  and  the  design.  Temperature  dependent 
properties  of  lubricants  other  than  viscosity- 
affects  the  efficiency  of  a  gear  train. 

The  effect  of  lubricant  type  on  efficiency 
IS  presented  in  Fig.  5.  The  four-planet  stage 
was  more  efficient  operating  with  lubricant  E  com¬ 
pared  to  lubricant  K.  However,  the  three-planet 
stage  was  more  efficient  operating  with  lubricant 
K  compared  to  lubricant  E.  This  difference  is 
related  to  the  greater  amount  of  sliding  that 
occurs  in  the  three-planet  stage  spherical  bear¬ 
ings  compared  to  the  four-planet  stage  cylindri¬ 
cal  bearings^^  and  the  traction  properties  of  the 
lubricants. 

Figures  3  to  5  together  illustrate  two  more 
important  trends.  In  general,  efficiency 
decreased  with  increasing  torque  except  at  very 
low  torques  where  no  load  losses  begin  to  domi¬ 
nate,  Also,  the  efficiency  of  the  four-planet 
stage  was  significantly  greater  than  that  of  the 
three-planet  stage.  The  discussion  that  follows 
on  the  analytical  results  will  explain  the  reason 
for  the  di  f  ferences . 

Typical  analytical  results  predicting  the 
efficiency  of  the  two  stages  are  shown  in  Figs.  6 
and  7  along  with  the  experimental  results.  For 
most  conditions  tested  the  analysis  predicted  a 
higher  efficiency  than  was  measured.  Also  the  cor¬ 
relation  between  experiment  and  analysis  was  best 
for  the  data  at  60  “C  (140  °F)  lubricant 
temperature  and  high  torque.  The  experiments  and 
analysis  showed  the  same  trends  of  decreasing 
efficiency  with  increasing  torque  and  of  the  four- 
planet  stage  having  a  greater  efficiency  than  the 
three-planet  stage. 

The  rationale  why  the  four-planet  stage  is 
more  efficient  than  the  three-planet  stage  is 
illustrated  by  Fig.  8.  An  analytical  prediction 
of  the  power  loss  per  planet  for  each  stage  is 
shown.  The  torque  carried  per  planet  is  approxi¬ 
mately  the  same  for  both  stages.  The  total  power 


loss  is  shown  as  the  sum  of  sun-planet  mesh, 
planet-ring  mesh,  and  planet  bearing  'osses.  The 
large  power  loss  from  the  spherical  bearings  ncc-H 
in  the  three-planet  stage  was  predicted  and  veri¬ 
fied  by  experiments.  The  extra  power  required  to 
operate  the  spherical  bearings  in  the  three-planet 
stage  compared  to  the  cylindrical  bearings 
depended  on  the  operating  conditions.  Both  analy¬ 
sis  and  experiment  showed  that  approxir.ately  an 
additional  0.2  kW  (0  26  hp)  power  per  bearing  was 
required.  The  reason  for  the  additional  power 
required  is  the  great  amount  of  sliding  that 
occurs  in  double  row  sperical  bearings. 

Summary  of  Results 

A  study  was  done  to  compare  the  efficiency 
of  two  helicopter  transmission  planetary  reduc¬ 
tion  stages.  The  planetary  stages  studied  were 
from  two  versions  of  the  L'.S.  Army  s  OH-58  heli¬ 
copter  transmission.  The  gears  used  in  the  two 
stages  are  of  the  same  design:  however,  one  stage 
has  three  planets  and  uses  spherical  planet  bear¬ 
ings  while  the  other  has  four  planets  and  uses 
cylindrical  planet  bearings.  Both  experiments 
and  analysis  were  done  to  study  the  efficiency  of 
these  two  stages,  and  the  results  of  these  stud¬ 
ies  were  compared.  The  following  results  were 
obtained : 

1.  The  analysis  predicted  that  the  stage 
using  cylindrical  bearings  would  have  a  much  bet¬ 
ter  efficiency  than  the  stage  using  spherical 
bearings.  The  experiments  confirmed  the  predic¬ 
tion  that  the  spherical  bearings  require  much  more 
power  to  operate  than  the  cylindrical  bearings, 
approximately  0.2  kW  (0.26  hp)  per  planet. 

2.  The  experiments  showed  that  for  both 
stages  efficiency  increased  with  increasing  speed. 

3.  Experiments  were  done  using  two  different 
oils.  The  stage  using  cylindrical  bearings  was 
more  efficient  while  operating  with  lubricant  E, 
a  formulated  gear  lubricant.  However,  the  stage 
using  spherical  bearings  was  more  efficient  while 
operating  with  lubricant  K,  a  turbine  engine  oil. 

4.  The  most  efficient  operating  temperature 
for  the  gear  train  depends  on  the  lubricant  being 
used.  For  lubricant  E  efficiency  decreased  with 
increasing  temperature.  Lubricant  K  showed  the 
opposite  trend, 

5.  Both  the  experiments  and  analysis  showed 
that  the  efficiency  of  the  stages  decreased  with 
increasing  torque. 

6.  In  general,  the  analysis  predicted  higher 
efficiencies  than  were  measured.  The  correlation 
between  experiment  and  analysis  was  best  at  the 
operating  condition  of  the  lowest  oil  inlet  tem¬ 
perature  studied  and  at  high  torque. 
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